Kaposi's sarcoma-associated herpesvirus (KSHV) is associated with Kaposi's sarcoma, primary effusion lymphoma, and multicentric Castleman's disease. The latency-associated nuclear antigen (LANA) is a multifunctional protein that is consistently expressed in all KSHV-associated malignancies. LANA interacts with a variety of cellular proteins, including the transcriptional cosuppressor complex mSin3 and the tumor suppressors p53 and Rb, thereby regulating viral and cellular gene expression. In addition, LANA is required for maintenance of the episomal viral DNA during latency in dividing cells. Colocalization studies suggest that LANA tethers the viral genome to chromosomes during mitosis. In support of this model, a specific LANAbinding site has recently been identified within the terminal repeat unit, and a chromatin interaction domain was mapped to a short amino acid stretch within the N-terminal domain of LANA. Epstein-Barr virus nuclear antigen 1 (EBNA-1), a functional homologue of LANA, is also required for genome segregation; in addition, EBNA-1 also supports efficient DNA replication of oriP-containing plasmids. By performing short-term replication assays, we demonstrate here for the first time that de novo synthesis of terminal-repeat (TR)-containing plasmids is highly dependent on the presence of LANA. We map the required cis-acting sequences within the TR to a 79-bp region and demonstrate that the DNA-binding domain of LANA is required for this DNA replication activity. Surprisingly, the 233-amino-acid C domain of LANA by itself partially supports replication. Our data show that LANA is a sequence-specific DNA-binding protein that, like EBNA-1, plays an important role in DNA replication and genome segregation. In addition, we show that all necessary cis elements for the origin of replication (ori) function are located within a single TR, suggesting that the putative ori of KSHV is different from those of other gammaherpesviruses, which all contain ori sequences within the unique long sequence outside of their TR. This notion is further strengthened by the unique modular structure of the KSHV TR element.
Kaposi's sarcoma-associated herpesvirus (KSHV), also called human herpesvirus 8, is associated with Kaposi's sarcoma (KS) and two lymphoproliferative diseases: primary effusion lymphomas (PEL) and a plasmablastic variant of multicentric Castleman's disease (for a review, see reference 16) . Most cells in these tumors are latently infected with KSHV and express only a subset of viral genes (6, 54, 61) . One of these gene products, the latency-associated nuclear antigen (LANA) is shown to be highly expressed in all tumor tissues by in situ hybridization techniques and immunohistochemical analysis (13, 29, 30, 46) . LANA, encoded by ORF73, is expressed from a bicistronic mRNA located in the major latency-associated region of KSHV. LANA plays a pivotal role during latency in KSHV-infected cells. First, LANA is required for long-term maintenance of viral episomal DNA in dividing cells (3, 4) . Second, LANA has been shown to modulate the cellular transcription program in KSHV-infected cells by physically interacting with a variety of host cellular proteins, including transcriptional cosupressors such as mSin3 and the tumor suppressors pRb and p53. p53 and pRb interactions have functional consequences in downregulating p53-dependent transcription and upregulating E2F-dependent transcription, respectively (15, 32, 45) . Furthermore, a variety of cellular and viral promoters have been shown to be responsive to the presence of LANA by either transient-transfection assays or by gene array analysis (27, 28, 47) .
Based on the primary amino acid sequence, LANA can be subdivided in three major protein domains. The N-terminal proline-rich region contains a nuclear localization signal (NLS) and a sequence motif that tethers LANA to chromosomes during mitosis (44) . The central domain contains three different highly repetitive blocks of acidic amino acids. The core acidic block varies considerably in length from isolate to isolate, giving rise to LANA proteins of less than 1,000 to 1,163 amino acids (aa) (17) . The acidic region close to the C-terminal domain contains a leucine zipper motif that has been demonstrated to be necessary for LANA's interaction with cellular proteins (p53, pRb, and CREB/ATF) (15, 39, 45) . Recently, we demonstrated that the C terminus of LANA (aa 770 to 1003) encodes a sequence-specific DNA-binding domain that binds to a 18-bp imperfect palindrome within the terminal repeat (TR) of KSHV (19) . Based on electrophoretic mobility shift analysis (EMSA), this binding site has been identified by several laboratories by using different protein sources and supershift controls to confirm the presence of LANA in specific complexes (3, 19) . Additional binding sites outside of the TR have recently been reported; however, these LANA complexes varied in size and were not further confirmed (8) . In support of a palindromic LANA-binding site, Schwam et al. previously demonstrated that LANA forms dimers in solution and that the C domain alone is sufficient for efficient dimerization (51) . In addition to LANA's ability to modulate transcription by protein-protein interactions, LANA has also been shown to suppress transcription when bound to DNA. When fused to a Gal4 DNA-binding domain, LANA can suppress transcription of a Gal4-binding site-containing promoter (32, 51) . We have recently shown that LANA inhibits transcription when bound to its native binding site within TR (19) .
In summary, all of these observations suggest that LANA is a functional homologue to other DNA tumor virus replication or transcription proteins, such as Epstein-Barr virus nuclear antigen 1 (EBNA-1) or the E1/E2 proteins of papillomaviruses. Members of this protein family, including the simian virus 40 (SV40) large T antigen are multifunctional polypeptides that affect transcription of cellular and viral genes as well as replication and segregation of viral genomes in infected cells (14, 36, 55) . Thus far, many studies have addressed LANA's ability to modulate transcription. Ballestas et al. demonstrated that LANA is necessary and sufficient to support long-term episomal maintenance of TR-containing plasmids in dividing cells. These data, together with studies from Piollot et al., suggest a model by which LANA ensures faithful segregation by tethering viral episomes to chromosomes during mitosis. However, replication of viral DNA during latency can be divided into two steps: (i) DNA synthesis and (ii) segregation of newly synthesized viral genomes (for a review, see reference 36). By utilizing short-term replication assays in epithelial and endothelial cell lines, we demonstrate that LANA is required for viral DNA synthesis and provide a detailed analysis of the trans and cis requirements for LANA-dependent DNA replication.
MATERIALS AND METHODS
Plasmids. pCRII/TR containing one copy of the TR element has previously been described (19) . pCRII/2TR contains two copies of the TR element in the same orientation, inserted into pCRII into the NotI site. Probes TR1, TR2, and TR3 were gifts from Mike Lagunoff and have been described earlier, as were the LANA expression plasmids pcDNA3/ORF73 and the deletion mutants A, AB, AC, BC, and C (19, 47) . pJH1 (termed pTR⌬1) contains TR nucleotides (nt) 1 to 581 (nucleotide numbers are as defined in reference 35) and was constructed by digestion of pCRII/TR with SrfI and XhoI, followed by Klenow filling in and self-ligation. pJH2, termed pTR⌬3 (nt 268 to 801), and pJH4, termed pTR2 (nt 268 to 581), were derived from plasmids pCRII/TR and pJH1, respectively, by deletion of the TR3 fragment with AscI and EcoRV, Klenow filling in, and self-ligation. pJH5 (pTR⌬LBS [nt 1 to 559]) was created by Bsu36I and XhoI double digestion of pJH1. The resultant 4.5-kb fragment was filled in by Klenow and then ligated. pJH8, termed pTR⌬3/DraIII (nt 391 to 801), was constructed by partial digestion of pJH2 with DraIII, followed by complete digestion with KpnI, and then blunt ended with T4 DNA polymerase and self-ligated. pJH9, termed pTR⌬3/SanD III (nt 509 to 801), was constructed by double digestion of pJH2 with SanDI and EcoRI, treated with mung bean nuclease (NEB), and self-ligated. Plasmid pZ6⌬ contains a BamHI fragment from the cosmid Z6 from the PEL cell line BC-1 (Russo) . pJH6, derived from pZ6⌬ by SrfI digestion and religation, contains one copy of terminal repeat and a flanking unique KSHV sequence (600 bp on one side and 2.6 kbp, including the K1 gene, respectively). pJH13 (pUL0.6) contains the 600-bp fragment and was recovered from pZ6⌬ by NotI and inserted into SuperCos vector (Invitrogen); pJH14 (pUL1.9) containing 1.9-kbp unique long sequence from the left end of the KSHV genome was generated by inserting a BsrGI/NotI fragment into SuperCos (Invitrogen).
Cell lines. 293 cells, human embryonic kidney cells, and SLK cells, a KSderived KSHV-negative human endothelial cell line (25) , were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum and antibiotics at 37°C under a 5% CO 2 atmosphere.
Short-term replication assays. 293 cells were plated at a density of 3 ϫ 10 6 cells per 10-cm dish. Plasmids were introduced into cells by the calcium phosphate transfection system (Gibco-BRL) according to the manufacturer's instructions. The transfection efficiency was monitored by a parallel transfection of pcDNA3/LacZ. To exclude nontransfected DNA from the analysis, cells were treated with trypsin, washed three times 16 h posttransfection, and seeded into two plates. Transfected cells were harvested 72 h posttransfection. Cells were lysed in 700 l of lysis buffer (10 mM Tris, 10 mM EDTA, 0.6% sodium dodecyl sulfate). Chromosomal DNA was precipitated at 4°C overnight by adding 5 M NaCl to a final concentration of 0.85 M. Cell lysates were centrifuged at 4°C at 14,000 rpm for 30 min. The supernatant containing extrachromosomal DNA was subjected to phenol-chloroform extraction. The extrachromosomal DNA was precipitated by ethanol precipitation and dissolved in 20 l of H 2 O, including RNase A. Then, 10% of the DNA was digested with HindIII or KpnI to linearize the plasmid DNA to measure the input DNA by Southern blot analysis. Next, 90% of the DNA was subjected to HindIII (or KpnI) and DpnI digestion in a final volume of 100 l. A total of 180 U of DpnI was used for digestion at 37°C for 48 h. After digestion, DNA was ethanol precipitated and redissolved in 20 l of Tris-EDTA buffer. The single-digested and double-digested plasmids were electrophoretically separated in 0.8% agarose gels, transferred to nylon membranes (Amersham), and assayed by Southern blot analysis. Then, 20 ng of an 800-bp fragment of TR or 45 ng of the entire plasmid containing TR fragment were labeled with the random prime labeling system (Amersham Pharmacia Biotech, Ltd.) and purified with QuickSpin columns (Roche). The blots were hybridized in Church buffer at 65°C, washed, exposed to the Molecular Dynamics Phosphor Screen overnight, and analyzed with ImageQuant.
Expression of recombinant mutant LANA proteins by using the MVA/T7 vaccinia virus expression system. Mutant LANA proteins were all produced by using the vaccinia virus T7 expression system (MVA-T7) (57) to infect CV-1 cells, essentially as described previously (9, 42, 57) . Briefly, a confluent 10-cm plate of CV-1 cells was split 1 to 2.5 h prior to infection with MVA-T7 virus at an approximate multiplicity of infection of 10. Cells were transfected at 1 h postinfection with 1 g of each respective plasmid by using Effectine (Qiagen) according to the manufacturer's instructions. Nuclear protein extractions were performed 24 to 36 h posttransfection as previously described (2, 19) .
Western blot analysis. Protein extracts were electrophoretically separated on sodium dodecyl sulfate-8% polyacrylamide gels. Proteins were transferred to nylon membranes (Amersham). Membranes were blocked for 2 h in TweenTris-buffered saline (TTBS) containing 5% dry milk. Primary antibodies were diluted in TTBS, and membranes were incubated for 1 h at room temperature. After being washed the membranes were incubated with secondary antibody for 1 h. The primary antibody was a monoclonal mouse antibody against the V5 epitope tag (Invitrogen, Carlsbad, Calif.). Peroxidase-conjugated secondary antibodies were goat anti-mouse and were diluted 1 to 7,500 prior to incubation. After final washes, Western blots were developed with the Pierce Super Signal detection system and exposed to Kodak film.
EMSA. Probes were labeled with Klenow fragment by using [␣-32 P]dCTP (3,000 Ci/mmol; Amersham) according to the manufacturer's instructions (Promega). To purify the probe from nonincorporated nucleotides, we used Sephadex 50 spin columns (Boehringer). TR5 was made as previously described and contained TR sequences from nt 551 to 675. In each reaction, labeled fragment was combined with 0.5 to 1 g of MVA/T7-infected CV-1 nuclear extract. The protein extracts were incubated at room temperature for 25 min in a total volume of 20 l of binding buffer which contained 10 mM HEPES (pH 7.9), 50 mM KCl, 1 mM EDTA, 0.05 g of poly(dI-dC)/l, 0.5 g of bovine serum albumin/l, 10 mM dithiothreitol, and 10% glycerol. The samples were then separated by electrophoresis through a native 4% polyacrylamide gel (55 mA in a room kept at 4°C). Gels were dried and either exposed to Kodak film or analyzed by using a Storm PhosphorImager.
RESULTS
LANA is required for efficient DNA synthesis of TR-containing plasmids in 293 and in SLK cells. To determine whether LANA plays a role in viral DNA synthesis, we performed transient replication assays, also known as DpnI assays, that represent the standard method for monitoring de novo DNA synthesis in many viral systems (5, 23) . Plasmid DNA containing a putative origin of replication (ori) is transfected into cells, and newly synthesized DNA is detected by Southern blot analysis after DpnI digestion 48 to 72 h posttransfection; DpnI cleaves only DNA methylated during replication in a dam ϩ Escherichia coli strain. Therefore, transfected DNA can be digested, whereas DNA newly synthesized in eukaryotic cells is resistant to DpnI.
We have previously shown that LANA specifically binds to an 18-bp imperfect palindrome within the TR (19) . Ballestas and Kaye recently demonstrated that a plasmid containing two TR units is efficiently maintained in long-term replication assays, whereas a plasmid containing a single copy of TR does so with less efficiency (3).
We first prepared a plasmid containing two copies of TR by head-to-tail multimerization of the NotI unit length fragment into pCRII (p2TR) and cotransfected the resulting construct into 293 cells either with filler DNA or with pcDNA3/ORF73. To eliminate extracellular DNA from the analysis, cells were detached from the plates 16 h posttransfection, washed twice with PBS, and seeded into new dishes. Cells were harvested 48 h later, and episomal DNA was extracted by the Hirt protocol (26) . DNA was analyzed by digesting 10% of the extracted DNA with a single cutting restriction enzyme to linearize plasmid DNA. The remaining 90% of DNA was digested for 12 h with DpnI in conjunction with a single cutter. After electrophoretic separation and transfer to nylon membranes, DNA was detected by using a radiolabeled probe containing the TR sequence. As can be seen in Fig. 1A , linear p2TR is detectable at nearly similar amounts in the input lanes independent of the presence of LANA (lanes 4 and 5). However, DpnI-resistant DNA is only detectable in the presence of LANA, clearly indicating that LANA supports DNA replication of p2TR in 293 cells (compare lanes 7 and 8). By comparing the amounts of newly synthesized DNA and intracellular plasmid DNA by densitometric analysis in several experiments, we determined that about 3 to 5% of the DNA taken up by the cells replicates in the presence of LANA in 293 cells.
KS spindle cells are believed to be of endothelial origin and several reports have shown that upon cultivation ex vivo, tumor-derived cells rapidly lose the KSHV genome (24, 25) . This phenomenon could be due to defects in either DNA synthesis or genome segregation in explanted endothelial cells. To test whether cells derived from KS lesions are able to support LANA-dependent DNA synthesis, we cotransfected p2TR alone or in combination with pcDNA3/ORF73 into SLK cells as described above. The SLK cell line, which is negative for KSHV, has been established from a KS lesion and expresses surface markers indicating an endothelial lineage (25) . At 72 h posttransfection DpnI-resistant episomal DNA could only be detected in cells cotransfected with LANA (Fig. 1B, lanes 8) . Hence, LANA-dependent synthesis of TR-containing plasmids seems to be efficient in epithelial and endothelial cell lines and therefore does not explain why tumor cells lose viral genomes upon ex vivo cultivation. These data show for the first time that LANA, in addition to its role in segregation, plays an active role in supporting DNA replication of TR-containing episomes.
Ballestas et al. had originally reported that a short sequence outside of the TR within cosmid clone Z6 would be necessary for efficient long-term replication (4) . In addition, LANAbinding sites have been proposed outside of the TR (8) . Based on these observations, we constructed a deletion clone which contains one full copy of the TR plus the adjacent sequences from cosmid clone Z6 (kindly provided by Yuan Chang, Columbia University). In addition to one TR unit, this clone contains a 600-bp unique long sequence on one side and a 2.6-kbp sequence, including one partial TR and the regulatory and coding sequences for K1 (35, 49) . This clone, pTR⌬Z6, was analyzed in parallel with p2TR in the presence or absence of LANA in 293 cells. We also tested p1TR, a construct containing a single TR unit, to determine whether there is a difference in replication efficiency for one copy of the TR versus two. As shown in Fig. 1C , all three plasmids only replicate in the presence of LANA (lanes 8, 10, and 12). It is important to note that we measured DNA replication within the sensitivity range of Southern blot-based analysis. Therefore, we cannot rule out that a small fraction of TR-containing episomes replicate in the absence of LANA, as was shown by sensitive competitive PCR methods for EBV oriP-containing plasmids (1) . The comparison of input and replicated DNA for each construct by densitometry revealed that p1TR replicates at the same efficiency as a plasmid containing two TR units and as pTR⌬Z6 containing one copy of TR and sequences outside of the TR unit (the reduced input of this plasmid is due to its much larger size and decreased transfection efficiency). To further rule out that unique long sequences adjacent to the TR units contain redundant ori activity, we constructed two plasmids which contained either a 600-bp (pUL0.6) or a 1.9-kbp (pUL1.9) long fragment from the previously described cosmid Z6. Both of these plasmids did not replicate in the presence of LANA (Fig. 1D, lanes 8 and 10) . In summary, these data clearly demonstrate that a single copy of the TR contains all of the elements necessary for efficient viral DNA replication in the presence of LANA and also suggest that the KSHV ori is located within the TR. This finding is remarkably different from what is found with all other gammaherpesviruses. EBV and herpesvirus saimiri also contain TR sequences, but both viruses harbor ori elements within the unique long region of their respective genomes (33, 58, 60) . The observation that plasmids containing one or two TR units replicate with the same efficiency in short-term replication assays (Fig. 1C) but have been reported to show differences with respect to longterm maintenance (3) indicates that both processes have different cis requirements.
Mapping of the minimal cis-regulatory sequences within TR that confer LANA-dependent DNA replication. After we established that sequences in the TR are sufficient for LANA-dependent viral DNA replication, we wanted to map the minimal cis-regulatory elements required for ori function. We therefore created a series of deletion constructs and compared their replication efficiency with wild-type (wt) p1TR. The first series of deletion mutants is described in Fig. 2A . The TR unit length is 801 bp, and its GC content is 89%. The previously described plasmids pTR1, pTR2, pTR3, and pTR5 have been instrumental in identifying the LANA-binding site (LBS) that maps within TR5 to nt 571 to 587, partially overlapping TR2 and TR3. As shown in 6) . We observed some partial digestion in panels A and B (lane 8), and therefore Hirt-extracted DNA for all following assays was digested with 100 U of HindIII and 180 U of DpnI for 48 h (lanes 7 to 12). pTR⌬Z6, p1TR, and p2TR only replicate in the presence of LANA (lanes 8, 10, and 12, respectively). In contrast, none of them can replicate without LANA (lanes 7, 9, and 11). (D) Unique long sequences adjacent to TR do not contribute to ori activity. pUL0.6 and pUL1.9 do not replicate in the presence of LANA (lanes 8 and 10) . The brackets in panels C and D indicate the size range of the replicated plasmids. This blot was hybridized to a probe containing the entire pCRII/TR, which also detects the backbone of pcDNA3/ORF73, marked by asterisks. A triangle (‹) indicates the linear position of p2TR. the presence of LANA to levels detectable by Southern blot analysis. Also, pTR5 containing the LBS and additional sequences on either site does not replicate (Fig. 2B, lanes 4, 6,  and 8 ). In contrast, pTR2, which contains 70% of the LANA binding site sufficient for LANA-binding in EMSA (A. C. Garber and R. Renne, unpublished data), replicates at ca. 20% of wt efficiency (Fig. 2B, lane 14) . A construct where only TR3 is deleted replicates with nearly 75% of wt activity (Fig. 2B, lane  12) ; conversely, a construct with TR1 and the LBS deleted does not replicate (Fig. 2B, lane 16) . These data show that the binding of LANA is absolutely required for replication and that, in addition, sequences outside the LANA-binding site are required for oriP function; moreover, these sequences are not located within TR3, which is dispensable for oriP function. The mapping experiments from Fig. 2B , which were repeated with identical results, are qualitatively summarized in Fig. 2A . Interestingly, Cotter et al. have recently suggested an additional LANA-binding site located within TR3 (8) . However, this site, which was not confirmed by antibody shift experiments and does not show significant sequence homology to the LBS in TR5, does not contribute to LANA-dependent replication.
On the basis of these data, we further examined the TR primary sequence flanking the LBS for elements commonly found in eukaryotic origins of replication. Although only a few eukaryotic ori's are characterized on the molecular level, a hallmark of all of them is the presence of an AT-rich stretch close to the DNA initiation site. This feature is conserved from yeast to Drosophila to human and also includes the viral ori sequences of herpesvirus saimiri and EBV (22, 33, 34, 53) . As mentioned above, the GC content of the KSHV TR is 89%. However, based on our observation that TR alone has ori activity in the presence of LANA, we scanned the TR for AT-rich stretches. Figure 3A shows the entire TR sequence and illustrates that AT residues are not statistically distributed over the length of this sequence. Instead, we identified a region, ranging from nt 380 to 481, that has a GC content of only 53% compared to a GC content of Ͼ90% for the remaining 700 bp (Fig. 3A, underlined) . Furthermore, this region is located only 89 bp away from the LBS, which is required for replication. We therefore speculated that the 47% AT-rich region located within TR2 and the 89 bp upstream of the LBS are required for DNA replication and might contain an initiator element and sequences necessary for binding of cellular origin recognition complex (ORC) proteins required for DNA replication. To test this hypothesis, we created two additional deletion mutants. The first pTR⌬3/DraIII deleted TR2 up to the beginning of the AT-rich region, and the second pTR⌬3/ SanDI deleted sequences up to nt 509 containing the entire AT-rich region plus an additional 27 bp from the GC-rich element (see Fig. 3B ). As shown in Fig. 3C , both plasmids replicate at levels identical to that of wt p1TR (lanes 5, 6, and 8). Although this experiment could not prove the importance of the AT-rich region within the TR, these data, together with mapping data presented in Fig. 2 , identify a 79-bp fragment within TR that can function as ori in the presence of LANA (nt 509 to 587). Within this sequence, two cis-acting elements are absolutely required for ori function: (i) the LBS, which confirms that LANA-binding is necessary for initiation of DNA replication, and (ii) an adjacent GC-rich region that presumably contributes to ori function by binding of ORC proteins. Very recently, a GC-rich sequence that binds ORC proteins has been identified near the DS element in oriP of EBV (7, 12, 50) . The fact that pTR5 is inactive while pTR⌬3/SanDI replicates at wt efficiency (Fig. 2B, lane 8 , and 3C, lane 6) suggests that important cis-acting sequences are located between nt 509 and 550. Our observation that the AT-rich region is not required within the background of a bacterial vector backbone that is ca. 50% AT-rich does not rule out the possibility that this element might contain an initiator element important in the context of the viral episome. To further address the role of the AT-rich module, we are currently conducting experiments to map the initiation site of replication within p1TR. It is thus Below this, the solid lines represent TR-derived fragments that were inserted into either pCRII or pBS and were tested in short-term replication assays (pTR1, nt 1 to 268; pTR2, nt 268 to 581; pTR3, nt 581 to 801; pTR5, nt 551 to 675; pTR⌬1, nt 1 to 581; pTR⌬3, nt 268 to 801; and pTR⌬LBS, nt 1 to 559). Also indicated are the relative replication efficiencies of these plasmids compared to wt p1TR, which were derived by comparing the ratios of input to replicated DNA after densitometric measurement. The asterisks at pTR2 and pTR⌬1 indicate that the LBS is not fully contained in these constructs. (B) Mapping data from short-term replication assays in 293 cells. All assays were performed as described in Fig. 1 . Odd-numbered lanes indicate plasmids in the absence of LANA; even-numbered lanes indicate plasmids in the presence of LANA. Only wt p1TR, pTR⌬1, pTR⌬3, and pTR2 replicate, as shown in the upper blot in lanes 2, 10, 12, and 14; the lower panel shows linearized plasmids as a loading control. The asterisk shows the linearized pcDNA3/ORF73, since the blots were hybridized to a probe containing the entire pCRII/TR plasmid.
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on October 14, 2017 by guest http://jvi.asm.org/ important to note that analysis of TR sequences of EBV and HVS, both of which are gammaherpesviruses in which the ori is located within the unique long region, revealed an equal distribution of AT residues throughout the length of their respective GC-rich TR units. The modular structure of the KSHV TR unit, which is conserved in TR sequences from different KSHV isolates (35, 43, 49) , represents a unique ori remarkably different from those of other gammaherpesviruses. ori activity within the TR also suggests that each KSHV genome contains 30 to 40 functional copies of this ori element. The DNA-binding domain of LANA is necessary for its DNA replication activity and alone has partial activity. Based on its primary structure, LANA can be divided into three main domains: (i) a proline-rich N-terminal domain containing an NLS and (ii) a central acidic and highly repetitive domain that contains a leucine zipper at its border with (iii) the C terminus, which is enriched for basic residues, and contains a second NLS. In agreement with this modular structure of LANA, several distinct activities and/or molecular interactions have recently been mapped to individual domains. The N-terminal region is required for the interaction of LANA with chromatin, and a short 18-aa sequence has been determined that can direct this phenotype to reporter proteins (44, 51) . In addition, LANA's interaction with mSin3 has been mapped to this domain. Most LANA-protein interactions (pRb, ATF/CREB, and CBP) have been mapped to the central region containing the leucine zipper motif (32, 38, 39, 45) . By utilizing a panel of mutant vaccinia virus-expressed LANA proteins, we have previously shown that the C-terminal 233 aa of LANA are sufficient for sequence-specific DNA binding to the TR (19) .
Accordingly, we assayed a panel of LANA mutants to determine which domains of LANA are necessary for DNA replication in 293 cells and compared their ability to support replication of p2TR with pcDNA3/ORF73 expressing wt LANA. The expression plasmids encoding the N terminus (aa 1 to 332), termed A; the central domain (aa 332 to 770), termed B; the C terminus (aa 770 to 1003), termed C; and combinations thereof have been described elsewhere (19) .
To measure the activity of each construct in comparison to that of wt LANA, we first determined the amount of input DNA in each sample and then normalized for these amounts. As can be seen in Fig. 4 , all proteins containing the C domain (C, AC, and BC) support DNA replication (Fig. 4, lanes 14, 16,   FIG. 3 . Mapping of a second sequence element required for ori function. (A) The 801-bp KSHV TR sequence, with sequence elements identified by the mapping analysis highlighted. The LBS (nt 570 to 587) is in red; the AT-rich region (47% versus 9% in the remaining sequence) is underlined (nt 380 to 481). Between the AT-rich region and the LBS is an 89-bp GC-rich region required for replication. Restriction sites for DraIII (nt 384) and SanDI (nt 506) have been boxed. A second low-affinity LBS located 5 bp from LBS 1 is also underlined (nt 592 to 609) (18) . (B) Representation of constructs used for the identification of ori elements within the TR. Lines represent fragments inserted into pCRII. The wt pTR1 and construct pTR5 have been described in Fig. 2 (the asterisk indicates replication data for TR5 shown in Fig. 2B, lane 8) . Construct pTR⌬3/DraIII contains sequences from nt 391 to 801, whereas pTR⌬3/SanDI contains sequences from nt 509 to 801. Also shown are relative replication efficiencies from the plasmids derived from panel C. (C) Short-term replication assay as described in Fig. 1 . Lanes 1 to 4 contain 10% of linearized plasmid DNA as input control and indicate nearly identical loading. Lanes 5 to 7 show replicated DNA, indicating that all three plasmids replicate with similar efficiency. Lanes 3 and 7, controls showing LANA-dependent replication. and 17), whereas mutant proteins lacking the DNA-binding domain were completely inactive (Fig. 4, lanes 13 and 15) . Both C and AC replicate p2TR with ca. 20% of wt LANA efficiency. In contrast, replication of p2TR in BC-transfected cells is barely detectable; however, this can be explained by the fact that this protein is extremely unstable (19) . These data show that the C-terminal 233 aa of LANA alone partially support DNA replication. During the assay period, cells go through about three or four divisions; therefore, we do not know whether the observed differences in efficiency between LANA-C and the wt are based on a decreased DNA replication rate or on the fact that these proteins are deficient in segregation, which is dependent on the N terminus of LANA to tether the episome to chromatin during mitosis (4, 44, 51) . These data also further confirm the mapping of the KSHV ori sequences and show that only plasmids containing an LBS are replicated in the presence of LANA (see Fig. 2 and 3) .
Testing mutant LANA proteins for dominant-negative activity. The presented mapping data of cis and trans requirements strongly point out the requirement of specific LANA-DNA interaction for latent DNA replication. Based on these data, we hypothesized that a LANA protein that lost its ability to efficiently bind to LBS might have dominant-negative activity by forming heterodimers with wt LANA. In our previous EMSA analysis, we had mapped the DNA-binding domain of LANA to residues 770 to 1003 (19) . Further deletions of 15 aa from the N terminus of LANA-C yielded proteins deficient in binding, similar to what occurred after deletion of more than 15 aa from the C terminus. Using the MVA/T7 vaccinia virus expression system as previously described, we expressed LANA-C4, a construct that contains LANA residues 785 to 1003. As can be seen in Fig. 5A , C4 mutant protein is expressed at levels comparable to that of LANA-C. Using equal amounts of protein for EMSA showed that LANA-C4 lost Ͼ95% of its binding activity compared to LANA-C (Fig. 5B) . Before we tested whether LANA-C4 interferes with wt LANA in DNA replication assays, we tested the minimum amount of LANA expression vector necessary for efficient replication of p2TR. Surprisingly, transfection of 100 ng of pCDNA3/ORF73 was sufficient for efficient replication (data not shown). We then transfected increasing amounts of pcDNA3.1V5-His/ LANA-C4 ranging from 1-to 100-fold, together with 100 ng of pcDNA3/ORF73, into 293 cells and sought to determine whether LANA-C4 acts in a dominant-negative manner. However, LANA-C4 did not act as dominant negative even when present in a ratio of 100 to 1 compared to wt LANA (Fig. 5,   FIG. 4 . C domain of LANA partially supports DNA replication of TR-containing plasmids. p2TR was cotransfected with either expression vectors encoding wt LANA or LANA mutant A, C, AB, AC, or BC as described in detail in Materials and Methods. Transient replication assays were performed as described in Fig. 1 , and the blot was hybridized to a probe containing a radiolabeled TR fragment. Lanes 1 and 2 indicate the positions of DpnI-digested and linearized p2TR (‹). Lanes 3 to 9 show input DNA as loading control, whereas lanes 11 to 17 show DpnI double-digested DNA. Newly synthesized DNA can be detected in lanes 12, 14, 16, and 17, in which cells were transfected with wt LANA, C, AC, and BC, respectively. As an additional control for DNA digestion, 2 ng of p2TR was mixed into a mock Hirt extract prior to DpnI digestion (lane 10). The replication efficiency of each LANA mutant was determined by densitometric comparison of replicated DNA to input DNA. LANA mutants C and AC replicate p2TR at ca. 20% efficiency compared to the wt. Mutants lacking the C domain do not support replication (lanes 13 and 15). 18) . The fact that even at high levels C4 did not further stimulate replication is in agreement with its poor binding activity in vitro. These results could be explained by a failure of C4 to interact with wt protein. For instance, it has been shown for EBNA-1 that mutations affecting dimerization also lead to a loss of DNA-binding activity. However, other explanations are also possible, and we are currently testing a larger panel of LANA mutants for their ability to dimerize and possibly act as dominant-negative proteins.
DISCUSSION
LANA supports DNA replication of TR-containing plasmids. Using short-term replication assays, we demonstrate for the first time that LANA plays a role in supporting the DNA replication of plasmids containing a single copy of the viral TR and that LANA binding to sequences within the TR is absolutely required for this activity. This observation places LANA in a diverse family of DNA tumor virus replication and/or segregation proteins such as SV40 large T, EBNA-1, and the human papillomavirus E1/E2 protein complex. Since it was known that LANA was necessary and sufficient for long-term maintenance of TR-containing plasmids, the fact that LANA also has replication activity was anticipated given that EBNA-1 of EBV, the closest human relative of KSHV, also has segregation and replication activities (4) . However, it is important to note that there are no amino acid sequence homologies between LANA and EBNA-1 or between the cis-acting sequences bound by both proteins. A major difference between these different viral ori binding proteins is whether they possess intrinsic helicase activity (SV40 large T) or interact upon DNA binding with either additional viral (papillomavirus E1) or cellular proteins (EBV EBNA-1 ORC interactions) that directly act on DNA structure (21) . Computer analysis of LANA did not reveal any motifs suggesting the presence of a prototype helicase domain. By mutational analysis of LANA, we showed that the C-terminal 233 aa by itself support the replication of TR plasmids in 293 cells at levels ca. 20% of that of the wt at 72 h posttransfection (Fig. 4) . Although we do not know at this point whether this reduction is due to a failure in segregation or to a decrease in de novo synthesis of DNA, it is astonishing that this activity is partially preserved in a protein in which 770 of 1,003 aa had been deleted. These C-terminal 233 aa also closely correspond to the DNA-binding domain of LANA. We have previously shown that LANA-C binds with high affinity to its target sequence within TR, whereas further deletions lead to a loss of binding activity (Fig. 5) (19) . These data are in agreement with EBNA-1 and E2, both of which have been shown to support replication only when DNA-binding activity is conserved (41, 52, 56) . Furthermore, EBNA-1 and E2 bind to DNA as dimers, and EBNA-1 mutations that prevent dimer formation also lead to loss of DNA binding (36, 40) . By differential tagging of recombinant LANA proteins, it was recently shown that the C terminus of LANA exists predominantly as a dimer in solution (51) . An N-terminal truncation of 15 aa from LANA-C results in a protein (LANA-C4) that has nearly completely lost its ability to bind to DNA in EMSA and failed to support DNA replication. In addition, LANA-C4 does not inhibit wt LANA in replication assays (Fig.  5C ), suggesting that this mutant might be defective in dimer formation. In order to develop dominant-negative LANA proteins, we are currently testing LANA-C4 and additional mutants for their ability to dimerize. However, at this point we cannot rule out other explanations for the failure of LANA-C4 to inhibit wt LANA function. For EBNA-1 it was shown that only proteins retaining their DNA-binding activity function as . Equal amounts of recombinant proteins were incubated with radiolabeled TR5 under conditions described in Materials and Methods. Lane 1 contains probe alone, whereas lanes 2 and 3 contain binding reactions with LANA mutants C and C4; C shows strong complex formation, whereas C4 shows extremely weak binding. (C) Titration of increasing amount of pcDNA3.1V5His/LANA-C4 with a constant amount of pcDNA3/ORF73. Short-term replication assays were performed as described for Fig. 1 . Then, 100 ng of wt LANA expression construct was cotransfected with a vector expressing LANA-C4 ranging from 100 ng (1:1) to 10 g (1:100) into 293 cells. Lanes 1 and 2 indicate the positions of DpnI-digested and linearized p2TR. Lanes 3 to 7 contain input DNA, whereas lanes 8 to 12 show newly synthesized DNA. The comparison of input and replicated DNA at each ratio shows that LANA-C4 does not inhibit LANA wt function even when present at a ratio of 100 to 1 (lane 12). dominant negative, and it was suggested that this inhibition is dependent on complex interactions within oriP, in addition to heterodimer formation (31) .
In summary, our data lead to the hypothesis that all functions necessary to support DNA replication: sequence-specific DNA binding, presumably interactions with cellular ORC proteins, and dimer formation are intrinsic to the C-terminal domain of LANA. Many of the protein-protein interactions causing transcriptional regulation of viral and cellular genes have been mapped to the leucine zipper within the central domain of LANA (38, 39, 45) . These molecular interactions might represent independent functions not directly related to LANA's replication or segregation activity, suggesting that KSHV has evolved a single polypeptide containing a plethora of activities that in EBV are distributed over the entire EBNA protein family (37) .
All sequences necessary for LANA-dependent DNA replication are located within the TR of KSHV. By direct comparison of a plasmid containing TR sequences or, in addition, sequences derived from both sides of the unique long region, we showed that only sequences within the TR itself confer LANAdependent replication and that sequences adjacent to TR do not contribute to this (Fig. 1C and D) . By performing a detailed deletion analysis of the 801-bp 89% GC-rich TR unit, we mapped the cis-regulatory elements necessary for replication to a 101-bp sequence (nt 509 to 609). This sequence contains two elements absolutely required for LANA-dependent DNA replication: (i) the LANA-binding site and (ii) a 62-bp upstream element. The importance of this element is supported by the observation that mutant TR5 containing a LANA-binding site but only 20 of the 62 bp upstream is completely inactive, whereas mutant pTR⌬3/SanDI containing an additional 42 bp replicates like wt p1TR (compare lane 8 of Fig. 2B with lane 6 of Fig. 3C ). This sequence contains many CpG residues often found within eukaryotic ori's (10, 11). Very recently, it was shown that EBNA-1 directly interacts with ORC-2 and thereby facilitates ORC-2 binding to a site adjacent to the DS element of oriP (7, 11, 50) . Although there is no extended sequence homology between sequences within oriP and the TR, this site also contains CpG nucleotides. By using EMSA in combination with immunoprecipitation assays, we are currently testing whether ORC complex proteins bind to this region and whether LANA plays a role in this process.
TR sequences of gammaherpesviruses are very GC-rich and are comprised of highly repetitive elements even within the TR unit. Common to these viruses (i.e., EBV and HVS) is the fact that their latent ori's of replication have been mapped within the unique long region of their genomes (22, 33, 59, 60) . Based on the observation that the TR element of KSHV was sufficient to confer LANA-dependent DNA replication, we examined the TR sequence for signatures different from those of TRs of other gammaherpesviruses and identified a 100-bp region which is only 53% GC-rich, as illustrated in Fig. 3A . In contrast, AT residues are randomly distributed within the TR sequences of EBV, HVS, and MHV␥-68 (GenBank accession numbers A9625578, NC001987, and NC001826). This suggests that the TR element of KSHV contains three sequence elements that contribute to efficient DNA replication: in addition to LBS, there is a sequence that allows binding of cellular factors and also a 47% AT-rich putative initiator region embedded in sequences that show a Ͼ90% GC content. Although deletion of 40 bp of this 62-bp GC-rich element between LBS and the AT-rich stretch leads to complete loss of replication (see Fig. 2, lane 8) , deleting the AT-rich region did not reduce its ability to replicate (Fig. 3B and C) . However, deletion of nt 1 to 508, including the 91% GC-rich region upstream of the AT-rich element, positioned the LBS and putative ORC-binding region in pTR⌬3/SanDI in close proximity to bacterial sequences that are ca. 50% AT-rich and thereby might facilitate initiation. This result might prevent us from supporting the importance of this element in the context of small plasmids. Nevertheless, to our best knowledge the TR of KSHV is the first to contain a functional ori element and the only one in which we identified an AT-rich element in close proximity to sequences required for ori function; this suggests that this element plays a role in the context of the viral genome. To further address this question, it will be necessary to molecularly analyze replication initiation start points within latently infected PEL cells (20, 48) .
In summary, we have provided strong data suggesting an ori structure that contains at least two elements which are absolutely required for ori function: a binding site for LANA and a 62-bp GC-rich region directly adjacent to it. Even though the presence of a functional ori element within each TR and, as a consequence, its high copy number in the viral episome is unique to KSHV, there are also important similarities between KSHV and the oriP element of EBV. OriP is comprised of two major elements. The first is the family of repeats that contain 20 copies of a palindromic EBNA-1 binding site that are crucial for long-term maintenance. The second is located 1 kbp away from the DS element that is required for the initiation of DNA replication. The DS element contains four EBNA-1 binding sites-two high-affinity sites and two low-affinity sites-that are bound in a cooperative fashion. Adjacent to the DS element lies a sequence that can be bound by ORC proteins; this binding is facilitated by direct protein-protein interactions of EBNA-1 and ORC proteins, leading to the formation of a preinitiation complex and subsequently to the initiation of DNA synthesis in close proximity to this site (7, 12, 50) . We have recently identified a second LANA-binding site 5 bp downstream of the originally reported sequence (see Fig.  3A ). As in the DS element of EBV, this site is bound by LANA in a cooperative fashion and is necessary for efficient DNA replication (18) . These data suggest that both LANA-binding sites are functionally equivalent to half a DS element and, together with the data presented here, show that the putative ori of KSHV, although remarkably different in its location within the TR, contains conserved structural elements comparable to oriP of EBV. The high copy number of the ori sequence might provide a functional element, similar to the FR within oriP, that is required in the context of genome segregation. This analogy is supported by our finding that plasmids containing one or two copies of the TR sequence replicate with identical efficiencies, whereas these plasmids show strong differences in their efficiency to establish long-term maintenance (3) .
Our data provide the first analysis of the putative ori structure of KSHV and greatly add to our understanding of latent DNA replication of KSHV. A better understanding of molecular mechanisms involved in viral latent replication might pro-vide the basis for molecular targeted antiviral treatment during latency, the phase associated with human malignancies.
